Introduction
Cosmetic patches have recently attracted attention as skin products for personal care since they can simply deliver active ingredients into epidermal or dermal layers just by adhering to and hydrating the stratum corneum of skin [1] (Shefer A, Shefer S. 2003. Invisible patch for the controlled delivery of cosmetic, dermatological, and pharmaceutical active ingredients onto the skin. Patent US10376736). A range of polymers and active ingredients have been used to fabricate patches in a variety of processing approaches [2, 3] , but the final product must include an adhesive material capable of delivering a specific bioactive compound or medication to skin within a desired time and without irritation. Biocompatible and hydro-adhesive polymers have been developed for skin patches that are not harmful to skin [4, 5] .
Alginate, a marine polysaccharide composed of 1,4-linked β-D-mannuronic and α-L-glucuronic acids, retains more water than its weight and binds metal ions that can cause an oxidative process on the skin, thus producing beneficial skin-care effects [6, 7] . Many studies have investigated the biocompatibility of alginate. Highly purified alginate does not induce immune responses when injected into animal organs [8] . Alginate is usually added to patches impregnated with bioactive ingredients such as chitosan and cellulose [9, 10] .
Spirulina is a photosynthetic cyanobacterium that possesses many kinds of bioactive compounds such as fatty acids (oleic acid, linolenic acid, and DHA fatty acid) and phycobiliproteins [11] . Specifically, c-phycocyanin is the major bioactive component that works as an antioxidant and has an anti-inflammatory effect [12] . Thus, Spirulina has been utilized for various cosmetic purposes [13] . For example, we previously developed a biodegradable polymer electrospun patch containing Spirulina extract that adhered to cells and promoted cell proliferation without cytotoxicity (Jung SM, Kim DS, Shin HS. 2016. Biodegradable polymer scaffold comprising Spirulina. Patent KR10160432). A UV protective cream containing the bioactive agent from Spirulina fermented with lactic acid bacteria has shown potential for use in skin-care products, as it prevents UV radiation associated with urban smog [14] . However, an alginate patch impregnated with Spirulina bioactive compounds has rarely been developed, regardless of its potential for skin care.
In this study, a Spirulina extract-impregnated nanofiber patch in a double-layer form supported by a polycaprolactone (PCL) nanofibrous cover matrix was developed. The mechanical stability, cytotoxicity, water absorption, and release of Spirulina extract were assessed. The patch was non-cytotoxic, expressed structural stability when dry, and rapidly released Spirulina extract when placed on wet skin.
Materials and Methods

Materials
Spirulina tablets were obtained from Nature's Care (Australia). Whatman No. 1 filter paper was purchased from GE Healthcare Life Sciences (UK). PCL, polyethylene oxide (PEO), alginate, microsyringe pump (KDS 100; KD Scientific, USA) and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich (USA). Tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) were procured from Junsei Chemical (Japan). Plastic syringes were purchased from Henke Sass Wolf (Germany). Calcium chloride (CaCl 2 ) was purchased from Ducksan Chemicals (Korea). A needle gauge was obtained from Hamilton Robotics (USA). A field emission scanning electron microscope (FE-SEM; Hitach S-4300SE) equipped with an energy dispersive X-ray (EDX) spectroscopy system was purchased from Hitachi (Japan). A contact angle analyzer was obtained from S-EO Phoenix Touch (Korea). A universal testing machine (UTM; 5568) was purchased from Instron (USA) with the Bluehill software. DMEM high-glucose culture media (DMEM-H), fetal bovine serum (FBS), and antibiotic-antimycotic (AA) were purchased from Thermo Fisher Scientific (USA).
Preparation of Spirulina Extract
A previous Spirulina extraction method [15] was modified to prepare Spirulina extracts. In order to incorporate the Spirulina extracts on nanofibers (NFs), Spirulina powders were added to 1 L of distilled water (DW) and stirred for 1 day. The Spirulina solution was then centrifuged at 1,000 ×g for 5 min, and the supernatant was collected in a bottle. After being filtered with Whatman filter paper, the supernatant was lyophilized. The Spirulina extract solution was maintained as a powder and stored at −20°C.
Fabrication of Spirulina/Alginate-PCL NF Base layer of PCL NF. The PCL NF was fabricated for a base substrate by an electrospinning technique. Electrospinning was performed as described previously [16] , but with some modifications. In brief, 15% (w/v) PCL was dissolved with blending of THF and DMF at a volume proportion of 7 to 3. The PCL solution was put into a 15 ml plastic syringe with a needle of gauge 18. The electrospun PCL NF was fabricated by using a microsyringe pump at 15 kV potential, at a 15 cm distance and a flow rate of 1 ml/h. Spirulina/alginate NF. The second layer of the patch was fabricated on the PCL NF. A mixture of 3.5% (w/v) PEO and 1.2% (w/v) alginate solutions in 10 ml DW was prepared for electrospinning. PEO was added to improve the electrospinnability of the alginate sample by reducing the electrical conductivity and surface tension [17] . Mixtures included different levels of Spirulina extract (0%, 1.41%, 2.35%, and 3.76% (w/v)). The Spirulina/alginate/PEO solution was electrospun through a 22 gauge needle under a flow rate of 0.3 ml/h, at 15 kV potential, and at a 20 cm distance. Crosslinked samples were prepared using 2% (w/v) CaCl
Characterization of Spi/Alg-PCL NF. The morphology and diameter of the Spirulina/alginate-PCL patches were identified with the help of SEM and ImageJ analysis. The electrospun patch, after drying in a vacuum chamber, retained its morphology. The dried patch was coated with platinum. SEM was performed under 15 kV accelerating voltage and a working distance of 15 mm. The NF diameter was averaged from 150 randomly chosen spots. In addition, the hydrophilicity was evaluated by the contact angle detected with a contact angle analyzer. Ten spots of 3 µl water drops were placed on each NF sample, and droplet images were recorded immediately after the drop. The tensile strength of the patches was measured using a UTM at an operation rate of 3 mm/min at room temperature. All tensile testing specimens were cut into rectangles (1 cm width, 3 cm length, and 10-30 µm thickness). Each sample was repeated three times for statistical analysis.
Spirulina Release Test
Two-layer patches fabricated with 0%, 1.41%, 2.35%, or 3.76% (w/v) Spirulina were cut into 1 cm × 1 cm pieces, and 16 pieces of NFs were placed in a 24-well plate. DW (1 ml) was poured into each well and left for 30 min. The Spirulina extract-released solution (200 µl) was aliquoted from the 24 wells to 96 wells, after which its absorbance at 620 nm was determined quantitatively. Samples soaked in DW were dried overnight under vacuum condition and the differences of the surface morphology were observed using the SEM operated with an EDX system.
Measurement of Moisture Level
The moisture content of the NF (2 × 2 cm) was measured by determining differences in weight before and after DW treatment. Each NF was soaked in a 60 mm Petri dish filled with DW for 30 min. Wet NFs were pulled from the plates, and the water on the surface was removed. The wet weight was measured in triplicate and the hydroscopic degree was calculated as follows:
Evaluation of Adhesiveness to Skin
NFs were cut uniformly in 2 × 2 cm dimension for the adhesiveness test. Each NF was soaked in DW, and then the experiment was
conducted on a volunteer's forearm skin. Attached NFs were photographed right after and 30 min after attachment. Adhesion of the fibers to the forearm was observed continuously with the naked eye for 30 min.
Cell Cytotoxicity Test by MTT Assay
To evaluate cell cytotoxicity of the Spi/Alg-PCL nanofibers, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed with a keratinocyte cell line, HaCaT. To prepare the assay, HaCaT cells were cultured in a cell culture flask with the medium (DMEM-H containing 10% FBS and 1% AA) in an incubator (5% CO 2 , 37°C). Prepared cells were seeded on the nanofibers in 24-well plates at the density of 3 × 10 4 cells/well. The cells were then incubated in an incubator with the serum-free medium (DMEM-H containing 1% AA). The MTT assay was conducted 1 day after seeding. Briefly, 500 µl of MTT solution diluted 10 times in the serum-free medium was treated and the cells were incubated at 37°C. After 1 h, the solution was removed and the cells were washed with PBS. To dissolve the purple formazan product, 1 ml of DMSO was added and the mixture was shaken at 100 rpm at room temperature for 30 min. The optical density of the solution was measured by using a microplate reader at 540 nm.
Statistical Analysis
All experiments were repeated at least three times. The average and standard deviation of data were calculated by using Sigma Plot. Differences between groups were identified by using Student's t-tests, and p-values indicated the significance of the differences (*p < 0.05, **p < 0.01, ***p < 0.001).
Results
Morphological and Mechanical Properties of Spi/Alg-PCL Patch
The morphological properties of the base layer of PCL NF and Spi/Alg-PCL NFs are shown in Fig. 1 . The SEM images (Figs. 1A-1E) show the surface morphology of the patches and thicknesses of the fibers. From the magnified SEM images, samples containing Spirulina extract seemed to incorporate with Spi/Alg particles, and the number and size of the particle had increased as the Spirulina level increased. Each histogram (Figs. 1F-1J ) presents the distribution of the measured fiber diameters, and the average diameters of patches (Fig. 1K) were 1,843 ± 547, 173 ± 25, 77 ± 18, 73 ± 17, and 63 ± 14 nm, respectively. The strands of PCL NF, which is a base layer, were much thicker than those of any other samples, and an alginate nanofiber without Spirulina extract followed the next. This result showed that PCL-based fiber has thicker strands than alginate-based fiber. The addition of Spirulina extract to alginate-based fibers affected the thickness of the strands. Among Spi/Alg-PCL NFs, the fiber containing 1.41% (w/v) Spirulina extract was the thickest, and the 3.76% (w/v) patch was the thinnest. There were significant differences among the samples when statistically analyzed by t-test. (Fig. 1L) . The base layer showed the highest contact angle value so that the surface was the most hydrophobic among the samples. The hydrophilicity was increased as the Spirulina level increased, and the 3.76% (w/v) Spi/Alg-PCL patch had the most hydrophilic surface.
The mechanical properties of the NFs are shown in Fig. 2 and Table 1 . The average value of tensile strength of the PCL NF and each Spi/Alg-PCL NFs (0%, 1.41%, 2.35%, and 3.76% (w/v)) were 0.482 ± 0.079, 0.850 ± 0.146, 1.175 ± 0.149, 1.398 ± 0.037, and 0.405 ± 0.112 MPa, respectively. The other mechanical properties of elongation at break and Young's modulus are summarized in Table 1 . The results indicate that alginate makes the NFs stronger and stiffer. Moreover, combination of alginate and Spirulina extract makes the NFs a bit stronger and stiffer but the Spirulina extract should not exceed a certain amount (in this paper, 2.35% (w/v)).
Spirulina Release and Water Absorbance Abilities of the Patch
The Spi/Alg-PCL NFs immediately lost Spirulina extract just after being crosslinked with CaCl 2 irrespective of amount of Spirulina extract, and the fabricated crosslinked patch rarely retained any Spirulina extract. As a result, the crosslinked Spi/Alg-PCL NFs did not show optical density differences among them (Fig. 3A) . However, the noncrosslinked sample gradually released Spirulina extract as the impregnated amount increased. As seen in Fig. 3B , impregnation of Spirulina extract increased the water absorbance of the Spi/Alg-PCL NF in comparison with PCL NF. However, there was no significant difference in ttest among the Spi/Alg-PCL NFs according to the amount of impregnation.
Morphologic Transformation of the Patch after Dipping in Water
Not only in a dry state, morphological characteristics of the patch in a wet state were also evaluated as shown in Figs. 4 and 5. Fig. 4 presents the representative SEM images of the patch samples after dipping in water. There were no differences in the diameter and shape of the substrate, PCL fiber (Fig. 4A) . On the other hands, the other patch samples (Figs. 1B-1E ), the diameters of the fibers shown on the surface were enlarged after soaking in DW, and the scale was similar to the PCL fiber. In addition, the empty holes between the strands were filled up sparely for the samples containing Spirulina extract.
To analyze the transformation of the morphology, components of the fibers containing 3.76% (w/v) Spirulina were examined in element level using area-EDX analysis SEM images including selected area for EDX analysis and corresponding spectrums of detected elements from PCL nanofiber (A), a particle embedded in a dry 3.76% Spirulina/alginate-PCL nanofiber (B), and a filled hole in a wet 3.76% Spirulina/alginate-PCL nanofiber (C). Each scale bar stands for 6, 6, and 30 µm. (Fig. 5) . The selected rectangular area in Fig. 5A was a strand of the basal PCL fiber, and the EDX-detected elements were carbon (C), oxygen (O), aluminum (Al), and platinum (Pt). The next selected area was the part of the Spi/Alg particle incorporated in the fiber strands (Fig. 5B) . Nitrogen (N), sodium (Na), silicon (Si), and phosphorus (P) were detected additionally. At last, the filled spot between the fiber strands after water dipping were analyzed (Fig. 5C) , and the result from the corresponding spectrum was similar to the base layer, not the particles.
Adhesiveness to Skin
To test the bioadhesiveness of the patches, four standard size samples were kept attached to a volunteer's forearm for 30 min (Fig. 6) . The skin adhesive abilities were different among the samples and depended on the Spirulina extract impregnation level. Over time, all patches lost their transparency and moisture. In particular, samples without Spirulina extract appeared to detach the most. The patches maintained moisture longer as the content level of Spirulina extract was increased.
Cell Cytotoxicity Test by MTT Assay
The MTT assay was performed on HaCaT cells cultured on a tissue culture plate system (TCPS), PCL NF, and Spi/ Alg-PCL NFs for 24 h. The result of the MTT assay are shown in Fig. 7 . The optical density (OD) of NFs was higher than that of TCPS. In particular, alginate NFs containing Spirulina extract showed higher OD values compared with a basal PCL NF, although alginate NF without Spirulina extract showed a lower value. All of the NFs had no cell cytotoxicity. Nanofibrous substrates rather supported cell proliferation. Impregnation of Spirulina affected cell viability more than alginate.
Discussion
Cosmetic products must be non-toxic to skin and thus a solvent-free manufacturing process is ideal when fabricating cosmetic patches. Water, glycerol, and alcohol are regarded as ideal solvents in cosmetic processing [18] . In this respect, an alginate-Spirulina patch was fabricated in water or ethanol conditions. However, electrospinning only the alginate and Spirulina complex was difficult to formulate as a nanofibrous form. Some reports have stated that alginate is rarely electrospun solely, since molecular chains of alginate tend to extend in aqueous solution [17, 19] and hydrogen bonding between repeating α-L-glucuronic acids makes alginate rigid, thereby hindering formation of chain entanglements [20] . Thus, PEO was added to the alginateSpirulina solutions to reduce the repulsive forces among polyanions of alginate by increasing the interactions between PEO and alginate [21] . Alginate/PEO NFs could be unstable unless crosslinked. However, as seen in Fig. 3A , CaCl 2 -assisted crosslinking resulted in immediate release of Spirulina extract. These results indicate that alginateSpirulina NF cannot be utilized as a cosmetic patch in its CaCl 2 -assisted crosslinked form. The next step was to devise a means to substitute crosslinking in order to make the alginate-Spirulina patch Cell cytotoxicity of each nanofiber as measured by MTT assay. Error bars indicate the mean ± SD values. The asterisk (*) denotes significant difference (*p < 0.05, **p < 0.01, ***p < 0.001).
stable. Therefore, structural stability must first be secured. Deposition of alginate-Spirulina onto a surface is one way to stabilize the patch structure, since a structurally stable surface can retain the electrospun alginate-Spirulina in intact form. Thus, the alginate-Spirulina was electrospun onto preelectrospun PCL NFs. Hydrophilicity of the Spirulina extract is considered to increase water absorption by the skin after a few minutes, suggesting that a fast release of Spirulina extract is an acceptable characteristic for cosmetic patches.
In conclusion, a Spi/Alg-PCL NF patch was developed for cosmetic skin-care purposes by using an electrospinning process under solvent-free conditions. The product did not show cytotoxicity in human cell-based tests, and the patches expressed more moisture and better adhesiveness than an alginate-only NF patch, which implies that the Spirulina extract enhanced both capabilities, in addition to adding its own bioactive effectiveness to the skin. Moreover, the dry patch could release most of the Spirulina extract to the skin within 30 min of being treated. All of our results imply that a Spi/Alg-PCL NF patch has the potential to be an excellent skin-care product.
